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ABSTRACT 


This  report  covers  in  detail  the  research  and  aeve'o  ament  work  carried 
out  by  M.I.T.  Lincoln  Laboratory  for  the  U.S.  Lnergy  Research  and 
Development  Administration  under  subcontract  from  the  Loo  Alamos 
Scientific  Laboratory  as  part  of  the  JUMPer  program  during  the  period 
1 July  through  31  December  197  5.  The  topics  covered  include  infrared 
nonlinear  crystal  growth,  evaluation,  and  application;  optically  pumped 
gas  laser  research;  and  stable  CO^  laser  development. 
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JNTRODUCTION 

Over  60  ingots  of  CdGeAs2  have  been  grown  during  the  reporting  period.  The 

material  was  dominantly  p-type  and  the  yield  of  usable  single  crystals  of  volumes 
3 

of  at  least  1 cm  has  been  increased. 

The  optical  absorption  in  CdGeAs.,  has  been  tentatively  shown  not  to  arise 
fr  >rn  foreign  impurities.  It  has  been  found,  however,  that  the  strength  of  the  optical 
ahsorption  increases  with  hole  concentration.  Electrical  measurements  show  con- 
siderable spatial  variation  in  hole  concentration  and  a donor-acceptor  model  has 
been  developed  which  correlates  well  with  the  observed  temperature  dependences 
in  the  electrical  data. 

Seeded  Bridgman  growth  of  AgGaSe2  has  been  demonstrated.  By  optimizing 
the  amount  of  excess  Se  and  Ag  it  should  be  possible  to  minimize  precipitates  and 
make  high  optical  quality  material. 

Second  harmonic  generation  in  CdGeAs2  of  radiation  from  cw  and  high  repeti- 
tion rate  Q-switched  CO,,  lasers  has  lieen  studied.  Efficiencies  for  cw  and  Q- 
switched  operation  have  been  ohserved  to  be  0.  5%  and  18%  respectively.  Using  a 
repetitively  pulsed  TEA  laser  the  limits  of  high  peak/high  average  power  operation 
are  being  explored.  Average  powers  of  0. 31  W were  obtained  at  50  Hz  {6.  2 m] /pulse) 
during  the  first  minute  of  operation.  The  power  subsequently  dropped  indicating 
heating  effects. 

Phasematching  angles  have  been  measured  at  liquid  nitrogen  temperature  for 
difference  frequency  generation  between  12.3  and  15.7  pm  using  CC>2  and  CO  lasers. 
The  observed  difference  between  300  K and  80  K is  within  the  experimental  uncer- 
tainty in  crystal  orientation  and  boule-to-boule  variations  in  phasematching  angles. 

A SiHj  laser  has  been  operated  and  is  the  first  example  of  optically  pumped 
transfer  laser  action  in  a nonlinear  molecule.  The  optical  gain  decreases  with 
pressure  and  the  laser  ceases  operation  at  35  Torr.  Six  SiH^  lines  have  been  ob- 
served in  the  7.  90-7. 99-pm  region. 
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The  high-pressure  limit  for  laser  operation  in  C^lr^-CO-He  and  OCS-CO-He 
has  been  studied.  The  threshold  pump  power  increases  linearly  with  pressure  until 
the  pump  pulse  length  becomes  comparable  with  the  deactivation  time  after  which 
the  power  required  has  an  apparent  exponential  dependence  on  pressure.  Acetylene 
has  been  operated  at  pressures  up  to  610  Torr  and  a 3%  slope  efficiency  was  ob- 
tained using  a 1:3:30  mixture  of  C2H2-CO-He. 

In  related  work  supported  by  tne  U.  S.  Air  Force  a 16  atm  CC^-  CO  transfer 
laser  has  been  operated  and  experiments  are  underway  to  demonstrate  continuous 
tuning  at  high  average  powers. 

12  13 

A grating-tuned  O CS  laser  has  been  developed.  O CS  was  also  operated 
as  a laser, but  with  the  available  pump  energies  grpting-tuned  operation  was 
marginal. 

A 16  pm  CO2  laser  has  been  constructed  using  a mixture  of  C02  and  HBr 
pumped  by  HBr  and  CO2  lasers.  A number  of  experiments  have  been  performed 
which  demonstrate  the  relative  importance  of  various  kinetic  rates  and  show  that 
pressure  scaling  is  possible.  A high-pressure  (100  Torr),  room  temperature  opera- 
tion has  been  obtained  using  a high  energy  CC^-TEA  laser  (TAC  2). 

Tunable  diode  laser  measurements  of  ^NH^  and  have  heen  made  in  the 

12.2  pm  region.  The  diode  laser  data  as  well  as  LASL  data  have  been  compared 
with  data  from  Rao  and  a number  of  lines  identified.  The  frequency  of  a ^CIO02 
laser  transition  was  measured,  using  heterodyne  techniques,  relative  to  an  ammonia 
line  providing  a calibration  accuracy  of  ± 0.002  cm  . 

In  work  jointly  supported  by  LASL  and  the  U.  S.  Air  Force,  an  ultrastable, 
high  repetition  rate,  passively  Q-switched  CO2  laser  system  has  been  operated. 

With  SF^.  as  the  Q-switch,  repetition  rates  from  10  kHz  to  150  kHz  were  observed. 
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1.  GROWTH  AND  CHARACTERIZATION  OF  NONLINEAR  OPTICAL  CRYSTALS 
1.1  CdGeAs2 

We  have  grown  more  than  60  ingots  of  CdGeAs2  in  the  six  month  period 
covered  in  this  report.  Many  of  these  ingots  contain  only  one  or  two  grain  bound- 
aries and  the  yield  of  single  crystal  and  uncracked  pieces  with  volumes  of  at  least 

3 

1 cm  has  increased.  Nearly  all  of  the  material  is  p-type  with  carrier  concentra- 
tion ranging  from  1.4  x 1015  to  about  2 x lO1^  cm  ^ at  room  temperature.  One 

sample  was  particularly  interesting  because  it  exhibited  the  lowest  hole  concentra- 
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tion  at  room  temperature  that  we  have  observed  to  date,  1.4  x 10  cm  , and  also 
the  lowest  absorption  constants  at  the  wavelengths  of  interest  to  LASL,  namely 
0.95  cm  * at  5 pm,  0.25  cm  * at  10  pm  and  0.8  cm  * at  16  pm,  all  at  room 
temperature. 

We  helieve  that  we  have  made  some  progress  toward  the  goal  of  under- 
standing the  cause  of  the  optical  absorption  that  is  so  troublesome  at  5 pm  and  in 
some  crystals  at  10  pm  and  beyond.  In  three  separate  experiments,  the  reacted 
compound  was  zone  refined  with  at  least  35  zone  passes  prior  to  growth  to  try  to 
remove  impurities  which  might  induce  the  absorption.  No  improvement  in  the  opti- 
cal properties  was  observed,  however,  for  samples  of  the  three  ingots  grown  from 
cne  zone  refined  material.  Based  on  these  experiments  and  on  many  mass  spectro- 
graphic  analyses,  we  have  reached  the  very  tentative  conclusion  that  large  foreign 
impurity  concentrations  probably  are  not  responsible  for  the  broad  optical  absorp- 
tion extending  from  the  band  edge  out  to  beyond  10  pm.  We  will  not  spend  more 
time  on  zone  refining  during  the  next  quarter. 

Another  observation  which  we  have  made  is  that  the  strength  of  the  optical 
absorption  increases  with  the  hole  concentration.  Hole  mobilities  vary  widely 
from  sample  to  sample  but  there  appears  to  be  no  correlation  hetween  mobility  and 
ahsorption  coefficient.  Some  of  our  data  are  shown  in  Fig.  1. 1-1  where  the  absorp- 
tion constant  at  5 pm  both  for  80  and  300  K is  plotted  versus  room  temperature 
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hole  concentration  for  samples  grown  during  this  report  period.  Electrical  and 
optical  measurements  were  made  on  the  same  samples  in  most  cases;  in  the  others, 
two  samples  from  near  neighbor  slices  of  an  ingot  were  used.  The  large  error  bars 
on  the  carrier  concentrations  represent  the  values  obtained  from  two  sets  of  elec- 
trical leads  for  the  Hall  measurements  on  each  sample.  The  hole  concentration  is 
clearly  very  nonuniform  since  the  two  sets  of  Hall  leads  are  separated  by  only  about 

4 mm  on  most  samples  and  over  this  short  distance  factors  of  5 variation  in  hole 
concentration  are  often  observed.  Although  no  error  bars  are  indicated  for  the 
absorption  constants,  they  too  are  very  uncertain  due  to  optical  nonuniformity.  The 
sample  with  the  highest  absorption  constant  and  highest  carrier  concentration  was 
grown  from  a melt  of  composition,  CdGe.  q25^s2»  and  the  others  were 
grown  from  melts  with  the  three  elements  in  their  stoichiometric  ratios.  While 
the  scatter  in  the  data  is  very  large,  it  is  clear  that  the  absorption  coefficient  at 

5 pm  both  at  80  an  J 300  K increases  with  increasing  room  temperature  hole  concen- 
tration. (There  is  no  correlation  between  the  absorption  strength  at  80  or  300  K 

with  the  carrier  concentration  at  80  K;  we  will  return  to  this  point  later  in  the  text.) 

15  -3 

These  data  indicate  that  p-type  crystals  with  hole  concentrations  of  10  ' cm  or 

less  would  be  quite  adequate  for  infrared  mixing  to  obtain  the  16  pm  radiation  which 

LASL  requires.  Ahsorption  spectra  at  300  and  80  K for  a sample  with  1.4  x 10^ 

3 

holes  per  cm  at  room  temperature  are  shown  in  Fig.  1. 1-2.  Even  for  this  low 
carrier  concentration,  there  is  much  less  ahsorption  at  80  than  at  300  K.  Note 
that  the  absorption  constant  changes  from  about  0.95  to  0.  4 cm  ^ at  5 pm,  from 
0.  25  to  0.09  cm  * at  10  pm  and  from  0.8  to  0.  2cm  * at  16  pm  on  cooling  from 
room  temperature  to  liquid  nitrogen. 

In  a further  effort  to  undei  stand  the  nature  of  the  absorption,  we  have  made 
Hall  and  resistivity  measuremi  nts  as  a function  of  temperature  for  temperatures 
between  80  and  375  K.  Some  of  our  resistivity  data  are  shown  in  Fig.  1. 1-3  where 


i 


-5- 


resisrivity  is  plotted  on  a log  scale  versus  reciprocal  temperature,  for  5 samples. 
The  resistivity  increases  rapidly  as  the  temperature  is  reduced,  due  to  carrier 
freeze-out  onto  deep  acceptor  levels.  Each  resistivity  reaches  a nearly  constant, 
but  different  value  when  the  temperature  is  reduced  sufficiently. 

The  Hall  constant  is  plotted  in  Fig.  1. 1-4  on  a log  scale  as  a function  of 
reciprocal  temperature  for  the  sample  with  the  highest  resistivity  on  the  previous 
figure.  For  temperatures  less  than  300  K,  the  same  type  of  beliavior  is  observed 
as  for  the  resistivity,  because  the  hole  mobility  does  not  change  very  rapidly  with 
temperature.  At  temperatures  greater  than  J00  K,  carriers  are  thermally  excited 
across  the  band  gap  and  the  Hall  constant  becomes  negative  above  345  K because 
the  electron  mobility  is  larger  titan  the  hole  mobility.  On  cooling  below  125  K,  not 
much  more  change  in  hole  concentration  occurs.  Any  model  to  explain  these  data 
should  contain  at  least  three  kinds  of  electrically  active  defect  and/or  impurity 


centers.  Deep  acceptors  must  exist  foi  the  holes  to  deionize  from  about  125  to 

9 


80  K.  Because  the  hole  mobilities  are  quite  low  (100-200  with  a rare  400  cm"/volt- 
sec  at  300  K)  we  also  postulate  the  presence  of  donor  levels.  For  such  a model, 
the  value  of  the  carrier  concentration  at  the  lowest  temperature  shown  is  equal  to 


the  shallow  acceptor  concentration,  , minus  the  donor  concentration,  the 


difference  u 4.  2 x 10^  cm  for  this  sample.  The  slope  of  the  straight  line  seg- 


ment of  the  curve  between  about  300  and  150  K gives  a deep  acceptor  ionization 
energy  of  0.3  eV.  The  hole  anti  electron  effective  masses  arc  approximately  0.26 


and  0.035*'*  * and  the  energy  gap  is  about  0.  55  eV*'  ^ ^ between  300  and  400  K.  Using 


these  parameters  one  can  fit  the  Hall  data  quite  well  as  shown  by  the  solid  curve 


1 ^ “3 

in  Fig.  1.1-4  by  choosing  5 x l(r  cm  ' for  tile  deep  acceptor  concentration, 


and  25  for  the  mobility  ratio.  Estimates  for  the  values  of  or  j are  not  pos- 
sible from  these  data.  The  surprising  result  is  that  the  acceptor  level  is  deep  and 
ahout  0.3  eV  from  the  valence  band  edge  and  also  nearly  0.  3 eV  from  the  conduction 
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band  edge.  Therefore  optical  absorption  due  to  transitions  to  or  from  this  level 

could  not  extend  beyond  about  4 pm  in  wavelength.  The  residual  absorption  that  we 

observe  at  300  K all  the  way  out  to  15  pm  may  be  due  to  intervalence  band  transi- 
11-3 

tions,  ’ perhaps  at  more  than  one  point  in  the  Brillouin  zone.  The  absorption  at 
wavelengths  less  than  4 pm  does  not  decrease  much  with  decreasing  temperature, 
as  seen  in  Fig.  1. 1-2.  It  may  be  due  to  transitions  from  the  valence  hand  to  the 
deep  acceptors  and  from  the  deep  acceptors  to  the  valence  band.  The  absorption 
strength  of  the  first  process  increases  with  decreasing  temperature  while  that  of 
the  second  decreases  and  the  net  could  be  nearly  temperature  independent,  as 
observed. 

It  is  interesting  that  the  difference  of  the  donor  concentration  and  the  shallow 
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acceptor  concentration  is  as  small  as  4.  2 x 10  cm  for  the  sample  of  Fig.  1.1-4. 

This  difference  is  not  so  low  for  all  samples  (note  the  various  values  at  which  the 
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resistivity  curves  become  flat  in  Fig.  1. 1-3)  but  it  is  usually  less  than  10  cm  . 

As  mentioned  ahove  there  is  no  obvious  correlation  between  this  difference,  which 

is  equal  to  the  carrier  concentration  at  80  K,  and  the  optical  transmission  of  the 

crystals.  Presumably  some  compensation  mechanism  fixes  at  a value  very 

close  to  that  of  N^j.  We  have  never  observed  a p-type  sample  for  which  :• 

but  will  fry  to  liffuse  a donor,  such  as  In  or  Sc,  into  some  crystals  in  the  next 

quarter  to  reduce  the  carrier  concentrations.  Diffusion  coefficients  for  Cd,  Ge 

and  As  must  be  quite  small  because  we  have  annealed  1 mm  thick  samples  for 

2 weeks  at  600°C  in  atmospheres  of  Cd  and  Ge  or  As  and  have  not  been  able  to 

change  the  carrier  concentration  at  all.  n-type  crystals  grown  to  date  have  all 

17  -3 

exhibited  carrier  concentrations  in  excess  of  2 x 10  cm  ' , whether  doped  or  un- 
doped, and  they  have  all  been  more  opaque  than  our  worst  p-type  samples. 

During  the  next  quarter  we  will  continue  our  edort  to  optimize  the  growth 
conditions  for  a bei  yield  of  high  quality  crystals.  As  mentioned  ahove,  some 
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diffusion  experiments  will  be  undertaken  and  we  will  continue  to  study  any  proper- 
ties which  can  lead  to  a better  understanding  of  the  problems  associated  with  pro- 
ducing CdGeAs2  crystals  suitable  for  nonlinear  infrared  mixing. 

G.  W.  Iseler 

H.  Kildal 
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Figure  Captions: 

1.1- 1  Absorption  constants  at  5 pm  both  at  80  and  300  K versus  room  temperature 

hole  concentration  for  CdGeAs2  crystals. 

1. 1- 2  Absorption  spectra  at  80  and  300  K for  a CdGeAs„  sample  with  1.4  x 10^ 

holes  per  crn^  at  room  temperature. 

1. 1- 3  Resistivity  versus  reciprocal  temperature  for  five  CdGeAs2  samples. 
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whose  absorption  spectra  arc  shown  in  Fig.  1. 1-2.  The  solid  line  was 
calculated  from  the  model  and  parameters  discussed  in  the  text. 
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1.2  AgGaSe2 

We  have  obtained  two  single  crystal  ingots  of  AgGaSe2  by  seeding  two 
consecutive  Bridgman  growths  in  high  temperature  gradients.  Seeds  about  6 mm 
square  by  30-35  mm  long  were  cut  with  their  c axes  parallel  to  their  long  dimen- 
sions. One  of  them  was  inserted  into  a square  tube  section  at  the  bottom  of  a 
quartz  growth  ampoule,  which  widened  out  from  the  6 mm  square  at  the  seed  to  a 
25  inm  diameter  at  the  top.  About  170  grams  of  prereacted  material  was  then 
loaded  into  the  ampoule.  A thermocouple  junction  was  tied  to  the  outside  of  the 
square  tube  at  the  center  of  the  seed  and  the  sealed  ampoule  was  raised  into  the 
upper  hot  zone  of  a growth  furnace  until  the  thermocouple  indicated  850°C.  The 
ampoule  was  then  lowered  at  a growth  rate  of  1 cm  per  day.  Neither  ampoule 
broke  during  cooling  and  both  ingots  slid  out  easily.  Laue  x-ray  patterns  showed 
that  each  ingot  is  a single  crystal  and  that  each  has  the  same  orientation  as  that  of 
the  seed;  the  c axis  parallel  to  the  cylindrical  axis  of  the  ampoule.  Figure  1.2-1 
is  a picture  of  one  of  the  ingots  which  was  grown  from  a melt  of  composition 
AgGaSe^  qq~,  This  crystal  contains  some  precipitates  which  scatter  light  and 
reduce  the  transmission  of  a 6.3  mm  sample  18%  below  the  reflectivity  limit  at 
2.  5 urn.  The  other  ingot  was  grown  from  a melt  with  composition  AgGaSe2  ^ and 
it  contains  less  precipitates  but  some  cracks.  Each  ingot  has  less  precipitates  near 
the  outside  edges  than  at  the  center  due  to  the  more  rapid  cooling  at  the  outside  and 
therefore  spend  less  time  at  the  temperatures  where  precipitation  occurs. 

On  the  basis  of  our  results  we  believe  that  seeded  Bridgman  growth  is  a prac- 
tical way  to  avoid  the  cracking  which  otherwise  takes  place  because  of  the  negative 
thermal  expansion1’ 1-4  parallel  to  the  c axis.  Our  earlier  experiments  as  well  as 
those  of  Matthes  et  al.1, 1 ^forAgGaS^  have  shown  that  it  should  be  possible  to  grow 
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crystals  of  AgGaSe^  essentially  free  of  precipitates,  by  optimizing  the  amount  of 
excess  Se  and  Ag  in  the  melt.  Further  work  is  in  progress. 

G.  W.  iseler 
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Figure  Caption: 

1.  2-1  AgGaSe2  ingot  grown  by  seeded  Bridgman  method. 
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2.  APPLICATION  OF  INFRARED  NONLINEAR  MATERIALS 
2. 1 Efficient,  High  Average  Power  SHG  in  CdGeAs^ 

The  second  harmonic  generation  (SHG)  in  CdGeAs2  crystals  subjected 
to  intense  focused  CO^  radiation  is  being  studied.  Conversion  efficiency  of  the 
samples  has  been  investigated  for  both  cw  and  Q-switched  operation  of  the  pump 
laser.  A tunahle  C02  laser  with  a 1. 75  m spacing  between  the  grating  and  the  out- 
put coupler  mirror  was  used  in  our  experiments.  The  laser  is  capable  of  producing 
over  20  Watts  cw  when  tuned  to  the  P(20)  traasicion  of  the  (00°1)  - (10°0)  band. 

The  same  laser  is  used  for  the  Q-switching  experiments,  but  with  a system  of 
two  lenses  and  a chopper  wheel  inserted  between  the  C09  cavity  window  and  the 
grating.  The  arrangement  is  sbown  in  Fig.  2.1-1.  The  chopper  wheel  is  located 
at  the  focal  point  of  two  AR  coated  ZrtSe  lenses  with  f = 3.5  cm.  The  wheels,  which 
consist  of  equally  spaced  knife-edged  slots,  are  attached  to  a high-spued  motor 
capahle  of  over  13,000  rpm.  Average  output  powers  over  10  W have  been  achieved 
at  the  highest  rotation  speeds  using  a 180-slot  wheel,  each  8 mils  wide.  Peak 
powers  well  over  a kilowatt  have  been  obtained  with  this  system, 
a)  cw  Second  Harmonic  Generation 

The  samples  investigated  to  date  were  obtained  from  two  boules 
(#74-32  and  #76-5)  which  were  found  to  have  relatively  low  absorption  at  the  doubled 
frequency.  These  samples,  oriented  for  Class  I phasem arching,  were  placed  in  a 
liquid  nitrogen  Dewar  to  further  reduce  absorption.  The  samples  varied  in  length 
from  4 to  13  mm,  with  varying  cross-sectional  areas,  down  to  l.  5 x 3 mm.  The 
radius  of  the  focused  beam  waist,  as  determined  by  calibrated  aperture  measure- 
ments, was  approximately  90  um. 

The  second  harmonic  power  generated  in  the  initial  experiments 

2 

carried  out  using  uncoated  samples  showed  the  expected  P(2u:)  a P(oj)  dependence, 
with  no  indication  of  saturation  or  thermal  degradation  even  after  increasing  the 
effective  pump  level  available  by  overcoming  the  large  reflective  losses  at  the 
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vacuum-CdGeAs2  interfaces.  This  was  done  by  evaporating  a zinc  sulfide  coating 
on  the  front  and  rear  surfaces  of  the  samples  to  optimize  transmission  at  wave- 
lengths of  10.6  and  5.3  pm  respectively.  By  this  means  the  transmission  at  each 
face  can  be  increased  from  69%  to  97%.  The  effect  of  anti-reflection  coating  upon 
second  harmonic  generation  in  sample  #76-5N  is  shown  in  Fig.  2. 1-2,  where  the 
second  harmonic  power  emerging  from  a CdGeAs2  sample  is  given  as  a function  of 
the  CC>2  power  incident  upon  the  front  surface.  The  two  curves  were  taken  with  the 

same  sample,  before  and  after  i.R  coating.  The  two  dashed  lines  are  related  by  the 
3 

ratio  (0.97/0.69)  . The  figure  shows  no  indication  of  saturation  at  the  highest 

pump  levels,  which  correspond  to  intensities  of  the  order  of  10  W/cm^,  and  no 

signal  degradation  was  observed  while  maintaining  this  level  for  several  minutes. 

While  most  samples  investigated  withstood  the  input  levels  discussed  above, 

4 2 

the  damage  threshold  of  one  sample  was  reached  at  3 x 10  W/cm  and  in  another 
4 2 

at  about  5 x 10  W/cm  . The  damage  was  manifested  by  a sudden  and  total  disap- 
pearance of  second  harmonic,  with  no  apparent  signal  degradation  before  the  occur- 
rence. After  reaching  the  damage  threshold,  a fine  ash  deposit  is  observed  on  the 
Dewar  window,  and  a hole  - 150  tim  diameter  and~  1 mm  depth  is  formed  on  the 
front  face  of  the  sample,  with  indications  of  surface  melting.  The  back  surface  of 
the  sample  remains  undamaged.  These  results  are  in  marked  contrast  with  the 

pit  and  plasma  formation  observed  in  CdGeAs2  when  subjected  to  high-energy 

2. 1-1 

pulsed  input.  * The  cw  damage  appears  to  be  consistent  with  the  "thermal- 

runaway"  mechanism  which  has  been  proposed  to  explain  the  damage  in  semicon- 

■ 2 1-2 
ductors  used  as  high-power  window  materials. 

i 

The  thermal  conductivity,  K,  of  CdGeAs2  is  increasing  rapidly  with  decreas- 
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b)  Q-switci*ed  Second  Harmonic  Generation 

For  Q -switching,  a slotted  chopper  wheel  is  located  at  the  common  focal  point 

of  two  AR  coated,  f = 3.5  cm,  ZnSe  lenses,  where  the  computed  beam  diameter  is 
2. 1-4 

83  ;j,m.  ' Several  wheels,  with  varying  numbers  of  equidistant  slots  and  slot  widths 
have  been  used.  The  slots  of  the  wheels  with  180  and  90  slots  are  nominally  8 mils 
wide,  while  those  on  the  45-  and  30-slot  wheels  are  nominally  6 mils  wide.  It  lias 
been  found  that,  in  addition  to  slot  width  variation  within  each  wheel  (~  ± 5%,),  there 
are  significant  differences  in  the  average  width  values  of  the  two  wheel  pairs.  This 
has  made  certain  quantitative  comparisons  difficult,  as  will  be  discussed  below. 

A fast-switching  laser  should  have  the  full  beam  width  appear  in  the  slot  in  a 
time  period  short  compared  to  the  pulse  build-up  time  t.  For  Tg~  400  ns,  the 

4 

wheel  velocity  vat  the  beam  waist  should  be  greater  than  2. 1 x 10  cm/sec.  In  our 

3 

experimental  arrangement,  the  velocity  was  limited  to  v 7.3  x 10  cm/sec.  How- 
ever, we  found  no  indication  of  the  multiple  pulses  predicted  for  slow  switching  by 
Hellwarth  ' 0 and  observed  by  Meyerhofer.  ’ Instead,  after  a rapid  pulse  rise  and 

partial  decay,  with  a FWHM  of  approximately  200  ns,  the  pulse  reaches  a low  level 
which  slowly  decreases  until  the  end  of  the  pulse  is  reached.  Reducing  the  chopper- 
wheel  velocity  results  in  a "stretching-out"  of  the  low-level  region.  This  is  seen  in 
Fig.  2. 1-3,  which  shows  the  CO 2 laser  pulse  using  the  180-slot  chopper  wheel  rotating 
at  velocities  of  6.  2 x 10^  cm/sec  (40  kHz  pulse  rate)  and  3. 1 x 10J  cm  /sec  (20  kHz). 
The  spread  of  lines  at  the  end  of  the  pulse  is  indicative  of  the  variation  of  slot  widths. 
The  most  notable  effect  of  further  velocity  reduction  down  to  ~ 500  cm/sec  is  a sig- 
nificant decrease  in  the  initial  pulse  height. 

The  effect  of  varying  the  wheel  velocity  upon  the  average  value  of  the  C02 
laser  output  and  the  second  harmonic  generated  is  shown  in  Fig.  2. 1-4.  Although  the 
ratio  of  on/off  time  is  independent  of  velocity,  more  of  '■he  output  pulse  occurs  in 
the  low-level  region  as  the  wheel  slows  clown;  hence  the  observed  decrease  of 
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average  laser  output  with  decreasing  velocity.  The  second  harmonic  output  drops 
more  rapidly  than  the  C02  output,  resulting  in  a decreasing  SHG  efficiency  with 
decreasing  velocity. 

An  alternative  method  of  varying  the  pulse  rate  is  to  maintain  a constant  wheel 

velocity  but  changing  the  number  of  slots  per  wheel.  The  variation  of  t lie  average 

second  harmonic  power  generation  as  a function  of  the  square  of  the  Q-switrhed 

C02  laser  input  power  is  given  in  Fig.  2. 1-5  for  the  four  wheels  previously  de- 

3 

scribed.  The  wheel  velocity  in  all  four  cases  was  v = 6.  2 x 10  cm/sec.  The  ex- 
perimental results  shown  in  Fig.  2. 1-5  were  obtained  using  a premixed  gas  cylin- 
der with  a 1:3:18  ratio  of  C02:N2:He,  and  the  C02  laser  power  was  varied  by  chang- 
ing the  electrical  energy  input  and  the  gas  pressure  in  the  laser  tube.  Although  the 
gas  mixture  was  not  optimum  for  achieving  maximum  laser  power,  the  use  of  a pre- 
mixed  gas  ensured  similar  laser  conditions  for  all  the  curves. 

The  increase  in  the  slope  of  the  curves  with  decreasing  pulse  rate  in  Fig.  2. 1-5 
is  expected  in  view  of  the  results  given  in  Appendix  2.1-A,  where  it  is  shownthatfor  a 
fixed  pulse  shape  the  slope  of  the  curves  are  inversely  proportional  to  the  pump  fre- 
quency. However,  the  accord  is  only  qualitative  since  the  pulse  shapes  are  different 
for  the  different  wheels.  This  is  true  even  for  wheel  pairs  which  are  nominally  of 
the  same  slot  widths.  The  difference  is  due  in  part  to  width  variations  within  each 
wheel,  but  primarily  to  the  variation  in  the  average  width  between  wheel  pairs  of 
nominally  equal  slot  widths;  most  notably  hetween  the  90-  and  ! 80- slot  wheels. 

Finally,  if  the  period  between  pulses  is  too  short  lo  permit  the  maximum  inversion 
buildup,  the  peak  power  will  vary  with  the  number  of  wheel  slots.  Relative  values 
of  the  C02  laser  peak  power  as  a function  of  pulse  separation  under  fixed  electrical 
input  power  conditions  is  shown,  in  Fig.  2. 1-6.  Although  the  effect  is  decreasing, 
the  peak  power  is  still  rising  at  the  longest  pulse  separation  times  measured.  Hence, 


• r”  - 


-19- 

even  if  the  slot  widths  were  the  same,  there  would  still  be  some  variation  from  the 
inverse  frequency  relationship  derived  in  Appendix  2. 1-A. 

As  noted  previously,  the  premixed  gas  ratio  used  in  ohtaining  the  results  of 
Fig.  2. 1-5  was  not  suitable  for  maximizing  the  laser  output  power  under  Q- 
switching  conditions.  The  maximum  average  CC^  laser  input  to  the  CdGeAs2 
sample  achieved  to  date  is  8.6  W,  obtained  with  the  180-slot  wheel  at  a 40  kHz 
pulse  rate  and  a CC^^tHe  ratio  of  1:1. 4:4.  The  corresponding  average  SHG 
power  emitted  by  our  sample  was  640  mW. 

Although  this  is  the  highest  average  SHG  power  obtained,  the  overall  power 
efficiency  is  7.  5%.  This  relatively  low  value  is  not  surprising,  since,  as  shown 
in  Eq.  (2)  of  Appendix  2. 1-A,  the  efficiency  is  not  proportional  to  the  average  CO^ 
laser  power,  but  rather  to  the  effective  power  output  per  pulse.  This  should  be 
lowest  for  the  180- slot  wheel  since  1)  it  has  8-mil  slots,  so  the  laser  output  is 
low  for  a significant  portion  of  the  pulse  ami  2)  the  peak  power  level,  as  given  in 
Fig.  2. 1-6,  is  lowest  for  tlus  wheel. 

Using  the  30-siot  wheel  at  a pulse  rate  of  7.  8 kHz  and  a gas  ratio  of  1:1:3. 2, 

a maximum  external  overall  power  efficiency  of  18%  was  obtained  =3.4  W; 

<P1w>  = 0.43  W).  This  corresponds  to  an  internal  power  efficiency  of~  19%.  The 

2.  1-1 

highest  external  efficiency  previously  reported  was  12.  8%,*"  obtained  with  a CO^ 
TEA  laser  using  an  uncoated  CdGeAs,?  sample  at  liquid  nitrogen  temperature.  Cor- 
rected for  reflection  losses,  that  corresponds  to  an  internal  conversion  efficiency 

of  27.  6%.  It  should  be  noted  that  the  use  of  a TEA  laser  severely  restricts  the 

2 1-1 

pulse  rate.  The  above  measurement  " was  made  at  1 pps. 

Both  the  CO.,  laser  input  pulse  and  the  corresponding  second  harmonic  pulse 
for  which  18%  conversion  efficiency  was  obtained  are  shown  in  Fig.  2.  1-7.  They 
indicate  peak  powers  of  approximately  1200  VV  and  325  W at  10.  6 and  5.3  pm 


respectively,  corresponding  to  an  external  peak  power  efficiency  of  27%.  There  is 
no  indication  of  saturation  at  this  conversion  level. 

The  results  of  Fig.  2. 1-6  indicate  that  higher  peak  power  efficiencies  will  be 
obtainable  using  longer  pulse  intervals.  To  establish  this,  wheels  with  as  few  as 
2 slots  will  be  investigated,  in  addition,  impro\ed  methods  for  generating  narrow 
slots  of  well-defined  width  on  the  chopper  wheel  are  being  pursued. 


N.  Menyuk 
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APPENDIX  2.1-A 

The  instantaneous  value  of  the  second  harmonic  power  generated  is  propor- 
tional to  the  square  of  the  instantaneons  CO 2 laser  pump  power.  We  can  approxi- 

2 

mate  this  over  a single  pulse  by  the  relationship  P^leh)  = kPw  (eff),  where 

2 i „T 

P^eff)  and  P^.  (eff)  are  the  effective  pulse  oower  levels  - J P^  d t and 
1 ~T  2 O 

- r P^  d t respectively,  where  t is  the  pulse  length  and  K is  a proportionality 
c 

constant.  The  average  second  harmonic  power  <?2ju>»  as  measured  by  a thermo- 

2 

pile  detector,  is  given  by  <?2w>  ~ v p2to(e^)  = KvP  (eff),  where  v is  the  pulse 

frequency.  Similarly,  the  average  CO^  pump  laser  output  <P^>  = v Pw(eff).  For 

2 2 

a given  pulse  shape,  the  ratio  Pw  (eff)/(Pw(eff))  = a is  a constant.  In  that  case 
the  average  second  harmonic  power  is  related  to  the  average  CO^  pump  power  by 


I 

f 


<P2to>  = T <Ptu>2 


and  the  average  second  harmonic  generation  efficiency 


<P*.> 

— =—  = K'  P (eff)  , 
<P,.>  to 


(1) 


(2) 


where  K'  is  a new  proportionality  constant  equal  to  a K . 
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Figure  Captions: 

2. 1- 1  Schematic  arrangement  of  chopper-wheel  Q-switched  C02  laser. 

2. 1- 2  Variation  of  cw  second  harmonic  power  output  with  CC>2  laser  input 

power.  Also  shown  is  the  effect  of  anti -reflection  coating.  The  two 

3 

dashed  lines  are  related  by  the  ratio  (0.  97/0. 69)  . 

2. 1- 3  Effect  of  velocity  -liange  upon  pulse  shape  of  Q-switched  CC>2  laser  using 

180 -slot  chopper  wheel. 

2. 1- 4  Effect  of  velocity  change  upon  the  CC>2  laser  pump  power  and  the  corre- 

sponding second  harmonic  power  using  180-slot  chopper  wheel. 

2. 1- 5  Effect  of  varying  wheel  slot  spacing  upon  second  harmonic  generation  at 

constant  velocity. 

2. 1- 6  Relative  laser  pump  peak  power  as  a function  of  pulse  separation. 

C02  laser  pump  pulse  and  corresponding  second  harmonic  pulse.  Energy 
per  pulse:  10.6  pm,  307  pj;  5.3  pm,  55  pj.  Pulse  rate:  7.8  kHz. 
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2.  2 Average  Second  Harmonic  Power  Limitations  in  CcfGeAs2 

The  high  peak  power  pulsed  second  harmonic  generation  (SHG)  experi- 
ments using  CdGeAs2  crystals  performed  to  date  have  used  lov,  repetition  rates  of 
approximately  1 Hz;  recently  we  have  investigated  the  performance  of  these  crystals 
at  higher  repetition  rates  using  a C02  TEA  laser  in  order  to  investigate  the  average 
power  handling  capability  of  the  crystals.  Other  experiments,  performed  by  N.  Men- 
yuk  have  used  a Q -switched  C02  laser  capable  of  still  higher  repetition  rates  but  with 
lower  energy  per  pulse. 

The  C02  TEA  laser  used  in  these  experiments  was  capable  of  producing 
0. 7 J pulses  at  rates  up  to  25  Hz  and  0.34  J pulses  at  rates  of  up  to  50  Hz.  The 
multimode,  single  line  (P(24)  of  the  9.6  pm  band),  output  was  passed  through  a 
beam  reducing  telescope  which  produced  a spot  size  of  3.3  mm.  The  doubling 
crystal,  74-36-C,  had  a cross  section  of  11  x 13  mm  and  a length  of  10  mm.  This 
crystal  which  has  higher  absorption  losses  than  our  best  doubling  crystals  was  used 
because  of  its  large  aperture.  The  crystal  was  mounted  in  a liquid  nitrogen  Dewar 
by  different  techniques,  described  below.  The  laser  energy,  as  well  as  the  SH 
energy,  was  measured  using  a Gen-Tec  pyroelectric  joulemeter;  the  average  SH 
power  was  measured  with  a Scientech  meter. 

The  maximum  SH  energy  per  pulse  was  limited  by  the  available  laser  energy; 
no  visible  glow  indicating  optical  damage  was  seen.  Examination  of  the  SH  pulse 
shape  showed  a width  of  130  nsec,  FWHM.  The  C02  TEA  laser  gas  mix  was  ad- 
justed to  be  lean  in  nitrogen,  in  order  to  minimize  the  nitrogen  tail  on  the  pulse 
and  increase  the  peak  power.  The  maximum  output  energy  per  pulse  was  21  mj  at 
a rate  of  4 Hz,  measured  at  the  exit  window  of  the  Dewar,  for  an  input  energy  of 
0. 7 J incident  on  the  entrance  window. 

In  the  initial  experiments  the  crystal  was  contacted  to  the  Dewar  tail  secticn 


by  only  one  surface  and  was  held  in  position  by  spring  loading.  At  the  maximum 
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laser  energy  of  0. 7 ] and  repetition  rates  of  10  Hz,  the  SH  power  dropped  within  a 
few  second:?,  but  returned  to  the  original  value  if  the  beam  was  blocked  for  about  a 
minute.  Measurements  of  SH  power  versus  pulse  repetition  frequency,  shown  in 
Fig.  2,2'  1,  deviated  from  a straight  line  at  the  higher  rates.  Both  these  results 
suggested  the  sample  was  being  heated  by  the  beam  to  the  point  where  thermal  run- 
away occurs.  A number  of  different  heat  sinking  techniques  were  tried,  the  most 
successful  being  one  in  which  the  crystal  was  placed  into  a close  fitting  "U"  shaped 
copper  yoke,  contact  to  the  sides  being  made  by  a mixture  of  Cry-Con  grease  and 
Apiezon  N.  The  yoke  was  closed  by  another  piece  of  copper,  with  indium  foil  being 
used  to  make  good  thermal  contact.  Figure  2, 2-2  shows  the  SH  power  versus  p.  r.  f. 
curve  for  this  case.  The  SH  power  output  of  0. 22  W at  20Hz  could  now  be  maintained 
for  ~ 1 minute,  the  limit  being  imposed  by  the  tendency  of  the  TEA  laser  to  arc  at 
these  repetition  rates. 

The  TEA  laser  could  be  operated  at  repet  rion  rates  greater  than  20  Hz  by 
halving  the  size  of  the  energy  storage  capacitor  lo  0.03  pFd;  '■he  output  energy  was 
then ~ 0.34  J/pulse.  Under  these  conditions,  average  second  harmonic  powers  of 
0.31  W were  obtained  at  50  Hz  using  the  improved  heat  sink  described.  The  SH 
power  dropped  within  a minute  or  so,  suggesting  heating  was  again  occurring. 

A technique  for  indium  soldering  CdGeAs„  to  copper  blocks  was  developed. 
These  samples  did  not  crack  with  repeated  thermal  cycling.  The  soldering  technique 
will  be  used  to  mount  samples  in  the  Dewar  in  future  experiments. 

The  temperature  rise  at  the  center  of  the  rectangular  CdGeAs2  crystal  can  be 
estimated  using  an  expression  derived  for  an  edge  cooled  circular  window  of  radius 
R,  with  the  temperature  of  the  edge  pinned  to  Tq.  The  temperature  T(0)  at  the  cen- 
ter of  the  window  is  found  to  be 

T<0)  = To  + r?ir<1  + 2e'R/p0)  • 


5 


Here  pQ  is  the  Gaussian  radius  of  the  beam,  (3  the  absorption  coefficient  and  K the 
2 2-1 

thermal  conductivity.  * If  the  beam  size  is  about  the  same  size  as  the  sample  we  can 
set  p0  - R and  obtain, 

AT  - BP 

AT  ' * 

where  AT  is  the  temperature  rise  between  the  center  and  the  edge  of  the  window. 

It  is  important  to  remember  that  the  optical  absorption  increases  and  the  thermal 
conductivity  decreases  with  increasing  temperature,  leading  to  thermal  runaway  above 
a critical  power.  By  using  the  77°K  values^'  ^ fl  = 0. 06  cm  ^ and  K = 0.  25  W/cm-°K 
together  with  P = 15  W we  obtain  AT  = 0.  3°C.  This  temperature  rise  is  too  small  to 
lead  to  thermal  runaway  and  does  not  account  for  the  observed  behavior.  A possible 
explanation  may  lie  in  the  existence  of  small  inclusions  with  higher  absorption  than 
the  measured  average  absorption.  Such  inclusions  could  give  rise  to  locally  high 
temperatures;  this  heating  could  then  raise  the  temperature  of  tne  surrounding 
material  sufficiently  to  cause  runaway.  Inclusions  of  this  kind  would  not  be  detected 
on  the  scans  of  10  pun  transmission  and  SHG  routinely  performed  on  each  sample  as 
long  as  they  were  uniformly  distributed  throughout  the  volume;  this  sample  did  in 
ftict  look  uniform  on  these  scans. 


Further  work  to  determine  the  cause  of  the  apparent  heating  and  to  evaluate 
the  performance  of  AR  coated  crystals  is  planned. 


T.  F.  Deutsch 
H.  Kildal 


-33- 

References: 

2.2- 1  F.  Horrigan  and  R . Rudko  "Materials  for  High-Power  CC^  Lasers",  Final 

Technical  Report  under  Contract  DAAH01-69-C-OD38,  Raytheon  Research 
Division,  Waltham,  Massachusetts  Internal  #S-1176  (September,  1969). 

2.2- 2  P.  Leroux-Hugon,  Comp tes  Rendu s 256,  3991  (1963). 


Figure  Caption: 

2.2-1  Second  harmonic  power  versus  pulse  repetition  frequency  for  CdGeASj  at 
77°K  (nominal)  using  two  heat  sinking  techniques. 
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2.3  Difference  Frequency  Mixing  in  CdGeAs2  at  Liquid  Nitrogen  Temperature 

The  phasematching  angles  for  difference  frequency  mixing  in  CdGeAs2  at 

liquid  nitrogen  temperature  has  been  measured  for  output  wavelengths  between  12.3 

and  15.  7 |im  using  a CO  laser  tuned  between  5. 39  and  5. 96  pm  and  a C02  laser 

operated  at  9.59  pm.  Figure  2.3-1  shows  the  results  together  with  the  calculated 

2 3-1 

phasematching  curve  using  the  indices  of  refraction  data  * and  a previous  room- 
temperature  measurement  on  another  sample. 

As  expected,  there  are  only  small  changes  in  the  phasematching  angles 
between  liquid  nitrogen  and  room-temperature  and  it  is  not  necessary  to  remeasure 
the  indices  of  refraction  at  liquid  nitrogen  temperature  to  predict  tuning  curves  for 
cooled  CdGeAs^  samples.  The  main  difference  in  absolute  measured  angles  for  the 
two  samples  in  Fig.  2.3-1  is  due  to  the  uncertainty  in  the  crystal  orientation  (±  0.  5°) 
and  the  fact  that  there  is  a small  variation  in  phasematching  angles  from  boule  to 
boule. 

H.  Kildal 
G.  W.  Iseler 


Reference: 
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Figure  Caption: 

2.3-1  Output  wavelength  for  C0-C02  laser  mixing  vs  calculated  and  meas- 

ured phasematching  angles  for  type  I phasematching  in  two  samples 
of  CdGeAs2  the  first  cooled  to  liquid  nitrogen  temperature  and  the 


second  at  room-temperature. 
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3.  OPTICALLY  PUMPED  TRANSFER  LASERS 
3. 1 CO  Transfer  Lasers 
a.  New  laser  systems 
i)  SiH4-CO 

We  have  obtained  laser  action  in  SiH^-CO  mixes  at  pressures  up  to  35  Torr. 

This  is  the  first  reported  laser  action  in  SiH^  and  it  is  also  the  first  time  an  optieally 

pumped  energy  transfer  laser  has  been  demonstrated  for  other  than  a linear  moleeule. 

The  thresholds  for  laser  aetion  in  nonlinear  moleeules  are  generally  expected  to  be 

higher  than  for  linear  moleeules  for  several  reasons.  The  rotational  degeneracies 

are  lifted,  reducing  the  gain  of  eaeh  vibrational -rotational  transition.  The  number 

of  modes  of  vibration  is  also  larger,  increasing  the  number  of  channels  for  vihrational 

relaxation  and  making  the  production  of  an  inversion  more  difficult.  The  limitations 

due  to  rotational  and  vibrational  relaxation  can  be  overcome  by  using  direet  rather 

than  transfer  pumping  and  operating  at  suh-Torr  pressures  where  no  collisions  occur 

during  t!ie  pump  pulse.  This  approach  has  been  used  to  produee  optically  pumped 
3 I- 1 

laser  aetion  in  SF^  ’ ; howevei  it  requires  an  exact  frequency  match  between  the 

pump  laser  and  the  lasing  moleeule. 

A total  of  6 SiH^  laser  lines  ‘■•as  heen  obsened  in  the  7.90  to  7.99  urn  region. 
Table  3.  1-1  lists  the  observed  lines  and  Table  3.  1-2  gives  the  four  modes  of  the 
tetrahedral  SiH^  molecule.  Only  the  v3  and  the  \>4  modes  are  infrared  aetive.  The 
CO  transfers  energy  into  the  and  the  modes.  There  are  several  possible  laser 
transitions  in  the  8 um  region  originating  from  these  levels:  Vj  - v4  (1272.8  em  S. 
v3  "*v4  (1276.4  em  l),  ard  (1216.0  cm  ^).  The  speetroseopie  constants  for 

SiH^  are  not  well  enough  known  to  identify  the  ohserved  laser  lines.  We  can  only  state 
that  the  lasing  is  not  on  the  t™3*1*011  because  its  band  eenter  is  too  far  away 

from  the  observed  laser  frequencies. 

The  wavelength  measurements  were  performed  without  any  frequency  selecting 
element  in  the  laser  eavity.  We  tried  to  operate  the  laser  with  a grating  in  order  to 
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extend  the  tuning  range  in  the  7. 9 urn  region  and  to  obtain  laser  action  near  8. 2 pan 
on  the  Vg  -\>2  transition.  The  insertion  losses,  however,  were  too  high  to  allow  laser 
operation. 

The  optimum  CO-SiH^  mixing  ratio  was  1:1,  although  ratios  from  1:3  to  4:1  were 
operated.  Addition  of  helium  was  also  tried,  but  did  not  increase  either  the  output 
energy  or  the  operating  pressure;  this  is  in  contrast  to  its  effect  on  the  C2H2  anc* the 
CS2  systems.  Figure  3.1-1  shows  the  output  energy  versus  input  energy  for  a 1:1  mixture. 
The  threshold  is  1.7  m]  of  pump  energy  delivered  to  the  cell,  and  the  slope  efficiency 
is  0.5  percent  with  a maximum  output  energy  of  0.03  mj.  The  gain  of  the  SiH^-CO 
laser  decreases  linearly  with  pressure  and  the  measured  threshold  of  approximately 
1/3  of  the  available  pump  energy  at  12  Torr  agrees  well  with  the  observed  high  pressure 
limit  of  35  Torr. 

Some  minor  problems  were  encountered  because  of  the  reactivity  of  the  silane; 
a chemical  reaction  with  the  glass  cell  used  initially  caused  some  white  deposits  on 
the  mirrors.  The  use  of  a brass  cell,  however,  eliminated  the  problem. 

ii)  Other  systems 

We  have  also  tried  unsuccessfully  to  achieve  laser  action  by  energy  transfer 
from  CO  to  the  tetrahedral  molecules  GeH^  and  CD^.  Table  3.  1-2  lists  the  mode 
frequencies;  the  GeH4-CO  system,  with  band  centers  of  respectively  1290.5  cm  *, 

1289.  6 cm  \ and  1180.  9 cm  ^ for  the  potential  laser  transitions  -*v^,  Vj  - v^, 
and  v,j  - \>2>  is  °*  particular  interest.  The  output  mirror  had  a reflectivity  of  98%  at 
1290  cm  * (7.75  um)  and  at  1250  cm  ^ (7.  94  |im  *).  The  laser  cell  was  aligned  hy 
optimizing  the  SiH^  laser.  The  available  pump  energy  was  6 times  the  SiHj  threshold 
at  10  Torr.  From  the  failure  to  obtain  laser  action  in  GeH^  it  follows  that  the  gain  is 
less  than  1/6  of  the  gain  in  SiH^.  This  is  surprising  Spectroscopically  the  molecules 
are  quite  analogous  and  we  therefore  expected  the  CO  energy  transfer  times  and  the 
self-deactivation  rates  to  be  very  similar.  Either  this  is  not  true  or  the  SiH^  has  an 
anomalously  high  gain  due  to  accidental  line  overlaps  of  different  transitions.  The  fact 
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that  six  linos  wore  observed  makes  the  latter  explanation  unlikely-  If  was  less 
surprising  that  the  CD^  did  not  lose.  In  this  molecule  the  2v^  and  the  2 modes 
are  in  close  resonance  with  the  mode  thereby  providing  a pathway  for  rapid 
nearly  resonant  V-V  deactivation  of  the  v^  mode. 

We  h ive  also  tried  unsuccessfully  to  obtain  laser  action  in  1ICN  by  ('()  transfer 
into  the  V|  mode  at  20H9  cm  * with  possihlc  laser  action  on  the  -♦  v transition 
(1377  cm  S.  The  gain  on  this  transition  is  unknown  although  it  is  expected  to  he  lower 
than  on  the  **  v ^ transition  (1223  cm  *)  wliicli  may  Ik*  pumped  using  an  IIP  laser  to 
excite  IIP'  followed  hy  energy  transfer  into  the  I1CN  v.^  mode. 

Another  interesting  system  that  we  have  investigated  is  .lie  CIl^P-CO^  system. 

The  Cll.jP  was  excited  hy  the  CC^  P(20)  line  of  the  9.  A tun  band  with  the  hope'  of  ob- 
taining energy  transfer  into  the  CX^  (l()00-02°n)|  or  ( l(l°(l-()2<,())1j  moile  followed  by 
laser  action  to  the  (010)  level.  This  system  is  speculative  since  most  of  the  inipoi  - 
t int  relaxation  rates  are  unknown.  The  pay-off  is  obvious,  however,  if  n 16  uni  laser 
can  lx  constructed  with  a CC^  pump  laser.  Tile  experiment  was  attempted  in  a As  cm 
cell  with  dielectric  mirrors  and  cooled  to  -H0°C  to  reduce  the  population  in  the  IX^ 

(01  *0)  level.  The  output  coupler  had  a reflectivity  of  99  percent  at  16  um.  The  front 
mirror  limited  die  input  energy  to  the  cell  to  ISO  ni|  because  of  optical  damage  problems. 
Laser  action  was  not  observed  in  this  configuration. 

h.  High  pressure  operation  and  wavelength  measurements  for  the  'CQ'He 
and  the  OCS-CO-Mc  systems 

We  have  investigated  the  upper  pressure  limit  for  laser  action  in  and  OCS. 

The  pressure  limit  is  set  hy  the  deactivation  rate  of  the  upper  laser  .evel.  Experimentally, 
it  is  found  that  the  pump  power  necessary  to  reach  threshold  increases  linearly  with 
pressure  until  a certain  pressure  is  reached  ahove  which  the  threshold  suddenly  starts 
to  increase  exponentially.  This  change  in  pressure  dependence  occurs  when  the  deactivate 
time  is  comparable  to  the  laser  pulse  length.  Since  the  deactivation  rate  due  to  helium  is 
usually  slower  than  the  self-deactivation  rate,  helium  was  added  to  the  laser  medium  to 
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increase  the  pressure  limits.  The  results  for  both  gases  are  presented  i;i  Table  3. 1-3. 

In  the  acetylene  laser  experiments  we  used  commercial  C2H2  ^rom  w^ich  the 
standard  traces  of  acetone  were  removed  by  a cold  trap  ai  -80°C.  Figure  3. 1-2 , 
shows  optical  transmission  of  a cell  filled  with  C2H2  with  and  without  a cold  trap. 

The  C2H2  absorption  around  7.  5 p.m  is  due  to  the  combination  band  transition  + v-^. 
The  8 p,m  C2H2  laser  wi^  a*so  operate  without  removal  of  the  acetone,  but  at  a higher 
threshold. 

to  the  C2 

mance  significantly.  Besides  raising  the  high  pressure  limit,  it  increased  the  maxi- 
mum output  power  and  the  slope  efficiency.  In  a 14  cm  cell  a maximum  output  power 
of  0. 12  mj  was  obtained  at  30  Torr  with  a C^h^-CO-Hj  ratio  of  1:3:3,  The  maxi- 
mum slope  efficiency  of  3.1%  was  observed  in  a C2H2-CO-He  mixture  of  1:3:30  at 
250  Torr  total  pressure. 

The  encouraging  high  pressure  results  for  C2H2  motivated  us  to  attempt  to  run 

this  gas  in  a UV  preionized  T EA  laser  configuration  which  should  allow  higher  out- 
put energies.  A cold  trap  v/as  used  to  remove  the  acetone  from  the  C2H2  before  it 
was  injected  into  the  TEA  laser  cavity.  CO-C2H2~H2  and  CO-C^H^-He  laser  mixes 
similar  to  those  used  in  the  optical  pumping  experiment  were  tried.  We  also  attempted 
to  obtain  lasing  by  adding  nitrogen  to  the  discharge.  However,  no  laser  action  was 
observed. 

In  the  last  semiannual  progress  report  we  reported  the  wavelength  measure- 
ments for  the  C2H2  laser.  We  have  now  identified  the  laser  emission  as  the  Q(9), 

Q(ll),  Q(13),  and  Q(15)  lines  of  the  OlCOO-OOOOl 1 transition.  The  observed  lines, 

3 1-2 

together  with  the  measurements  by  Shelton  and  Byrne,  ' are  listed  in  Table  3. 1-4 
and  there  is  good  agreement  with  the  calculated  frequencies.  Only  odd  J transitions 
are  observed  since  the  odd  rotatio'.al  levels  have  three  times  the  statistical  weight  of 
the  even  levels.  We  list  also  the  Q-branch  transitions  for  the  C2HD  and  the  C2D2 


I-^-CO  system  improved  the  laser  perfor 


Adding  either  He  or 
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molecules.  These  occur  at  respectively  1173  c a (8.51  uni)  and  1225  cm 

(8. 16  pm).  It  might  be  possible  to  extend  the  1;  ser  action  in  to  the  P-branch 

by  inserting  a grating  in  the  cavity.  Th  R-branch  is  less  likely  because  of  the 

combination  band  absorption. 

c.  High  pressure  tunable  C02  laser* 

High  pressure  operation  of  optically  pumped  molecular  lasers  has  the  potential 
of  continuous  tunability.  C02  is  particularly  suitable  for  high  pressure  operation 
because  of  its  low  self-deactivation  rate  of  the  00°1  mode,  350  sec  1 Torr  *.  We 
have  examined  the  high  pressure  operation  of  the  C02*C0-He  system.  The  use  of 
helium  rather  than  CC>2  for  pressure  broadening  has  certain  advantages,  since  it 
pressure  broadens  C02  about  2/3  as  much  as  C02  itself,  but  deactivates  the  C02 
upper  level  only  1/4  as  rapidly.  The  three  component  gas  system  thus  allows  the 
absorption  of  the  pump  laser,  the  density  of  the  active  medium,  and  the  pressure 
broadening  to  be  controlled  somewhat  independently. 

We  have  operated  the  C02-C0-He  system  up  to  16  atm,  the  limit  imposed  by 
the  cell  windows.  For  a 9:1:57  mixture  in  a 4.3  cm  cell  the  measured  threshold 
energy  at  16  atm  was  2.1  mj,  the  slope  efficiency  was  6 percent,  and  the  maximum 
output  power  was  0.25  mj.  The  threshold  did  not  change  significantly  between  10 
and  16  atm.  This  is  because  the  pressure  broadening  of  the  lines  is  new  partially 


compensated  ia'  tine  overlap,  at  iu  atm  the  rotational  lines  of  C02  sufficiently 
broadened  to  allow  continuous  tuning.  In  addition  because  the  CO  lines  are  also 
broadened  it  is  not  necessary  to  rely  on  a specific  coincidence  between  the  CO,,  second 


harmonic  and  a CO  absorption  line.  This  was  verified  by  producing  laser  action  using 
the  C02  P(20)  and  P(22)  lines  in  the  9.6  urn  band  as  well  as  the  regular  P(24)  line. 

In  order  to  be  useful  as  tunable  sources,  (lie  high  pressure  C02  laser  will 
need  to  incorporate  a grating,  an  etalon,  and  apertures  for  mode  selection  in  an 


*This  work  was  sponsored  by  the  Department  of  the  Air  Force,  and  reported  for 
information  purposes. 
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external  mirror  cavity.  The  additional  window  losses  and  the  increased  build-up 
times  in  this  configuration  raised  the  16  atm  threshold  to~  11  mj  in  an  external 
mirror  cavity;  grating  tunable  operation  is  estimated  to  require  at  least  twice  this 
energy  and  should  be  possible  with  the  expected  improvements  in  doubling  technology. 
Such  advances  in  second  harmonic  generation  should  make  possible  a high  repetition 
rate,  continuously  tunable  C02  laser. 

12  13 

d.  Development  of  grating  tuned  O CS  and  O CS  lasers 

13 

Some  of  the  frequencies  that  would  be  generated  by  an  O CS  laser  may  be 
useful  for  isotope  separation.  We  have  compared  the  performance  of  the  two  CO- 
OCS  systems  using  O^CS  supplied  by  LASL. 

12 

Timing  techniques  were  first  examined  using  O CS  and  a grating  tuned  OCS 

12 

laser  providing  over  80  lines  between  8. 19  and  8.46  urn  was  developed.  TheO  CS  laser 

output  on  the  00°1-10°0  transition  was  tuned  from  R(8>  to  R(47)  and  from  P(6)  to  P(48). 

12 

Figure  3. 1-3  shows  the  O CS  output  energy  versus  input  energy  for  different  cavity 
combinations.  In  these  measurements  the  second  harmonic  energy  was  focused  by 
a 7.5  " f.  1 lens  into  the  cavity.  The  threshold  energy  for  a cavity  with  a Brewster 
window  and  a grating  is  2.2  mj,  about  ten  times  higher  than  for  the  internal  mirror 
cavity. 

13 

We  then  tried  to  operate  the  grating  tuned  laser  using  O CS.  The  thresh- 

12 

old,  however,  was  higher  than  for  O CS.  The  laser  was  barely  above  threshold 
and  it  was  too  unstable  for  any  frequency  measurements.  Figure  3. 1-4  shows  the 

output  energy  versus  input  energy  for  a cavity  with  one  external  mirror  and  no 

13 

focusing.  The  O CS  threshold  is  about  a factor  of  two  b 'her,  which  is  probably 
partly  due  to  a slower  energy  transfer  from  CO  into  OCS  because  of  a larger  fre- 
quency mismatch  (134  cm  * cempared  to  81  cm  *)  and  also  due  to  a faster  deactiva- 
tion of  the  upper  laser  level  because  of  a stronger  resonance  between  the  00°1  mode 
and  the  12°0  and  04°0  modes. 
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13 

In  order  to  improve  the  performance  of  the  grating  tuned  O CS  laser,  we 

have  tried  different  cavity  designs  including  a three-mirror  cavity  with  a ZnSe 

window  AR-coated  on  one  side  replacing  the  Brewster  window.  This  structure 

should  reduce  the  insertion  losses  of  the  grating.  Experimentally,  however,  the 

threshold  remained  approximately  the  same.  We  have  also  tested  a 55  cm  cell  at 

-80°C.  The  room-temperature  threshold  was  higher  for  this  laser  as  shown  in 

Fig.  3. 1-5.  However,  at  -80^  the  threshold  decreased  by  a factor  of  3.5  and  it  was 

comparable  to  the  room -temperature  results  for  the  14  cm  cell. 

In  order  to  determine  the  lasing  lines  we  performed  some  preliminary  fre- 

13 

quency  measurements  on  the  O CS  laser  with  an  internal  mirror  cavity.  The 
measured  lines  are  listed  in  Table  3. 1-5.  The  frequencies  of  the  OCS  00°1  -•  10°0 
transitions  are  given  by 

v(m)  = vQ  + (BqqQ|  + 31(Jo0>  m + (B^  - B^Oq)  m2 

where  v v(J  + 1)  for  the  R-branchand  = v(-J)  for  the  P-branch.  The 

13 

O CS  band  center  v is  not  known  to  better  than  a few  wavenumbers.  Using  our 
preliminary  measurements,  however,  together  with  the  rotational  constants 
Boq°i  - 0.2010460  cm  1 and  B^Op  = 0.2015708  cm  * ^ we  can  estimate  the 

CS  laser  lines  near  1160  cm  *.  We  find  lines  at  1159.84  ± 0.1  cm’1  and 
1160,23  i0, 1 cm  ^ which  are  either  R(10)  and  R<  11)  transitions  or  Rf  1 1 > and  R(I2). 

T In  the  near  future  we  hope  to  increase  the  SHG  output  energy  to  at  least  100  mj. 

13 

The  O CS  laser  should  then  operate  easily  with  a grating. 

H.  Kildal 
T,  F.  Deutsch 
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Figure  Captions: 

3.1- 1  Output  energy  versus  input  energy  for  the  SiH^  laser  with  a SiH4*CO 

ratio  of  1:1. 

3. 1- 2  Optical  transmission  through  50  Torr  of  C2H2  in  a 10  cm  cell  with 

and  without  removal  of  the  acetone  traces  by  a cold  trap  at  -80°C. 

3. 1- 3  Output  energy  versus  input  energy  for  the  OCS  laser  at  12  Torr 

total  pressure  and  14  cm  active  length.  Front  optics:  1 m 99%  R 
at  8.2  urn.  Rear  optics:  30  cm  100%,  Reflector  (a),  ZnSe  Brewster 
window  and  30  cm  100%  Reflector  (b),  ZnSe  Brewster  window  and 
grating  blazed  at  8 urn  (c). 

3.1- 4  Output  energy  versus  input  energy  for  two  OCS  isotope  lasers  at 

12  To  r total  pressure  and  14  cm  active  length.  Front  optics:  1 m 
99%  K at  8.2  um.  Rear  optics:  ZnSe  Brewster  window  and  2 m 
100%  Reflector. 

3. 1- 5  Output  energy  versus  input  energy  for  the  OCS  laser  at  two  different 

temperatures  and  a 55  cm  internal  mirror  cell.  Front  optics:  1 m 
99%  R at  8.2  um.  Rear  optics:  2 m 100%  Reflector. 
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12  Torr  TOTAL  PRESSURE 
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Table  3. 1-1.  Observed  vacuum  frequencies 
of  the  SiH^  laser  (±  0.04  cm"1) 


Frequency 

cm 

1265.50 
1262.31 
1258. 02 
1257.10 
1254. 06 
1251.25 


I 

! 

4L 


Table  3.1-4 


Observed  C2H2 
laser  lines 

Calculated  frequencies  for  the 
OlOOO-OOOOll  Q(J)  - branch  transitions. 

This 

Ref.  a 

J 

C2«2 

c2hl> 

C2°2 

Work 

(ref.  b and  c) 

(ref.  b) 

(ref.  b) 

1 

1245.17 

1176.04 

1 

1226.11 

2 

1245.14 

1176.02 

1226.09 

3 

1245.08 

1175.99 

1226. 06 

4 

1245.02 

1175.94 

1226.02 

5 

1244.93 

1175.89 

1255.97 

6 

1244.83 

1175.83 

1225.91 

1244.70 

7 

1244.71 

1175.75 

1225.84 

8 

1244.57 

1175.67 

1225.76 

1244.52 

1244.46 

9 

1244.42 

1175.57 

1225.66 

10 

1244.25 

1175.46 

1225.56 

1244.12 

1244.09 

11 

1244.06 

1175.34 

1225.45 

12 

1243.85 

1175.22 

1225.33 

1243.75 

1243.64 

13 

1243.63 

1175.08 

1225.20 

14 

1243.39 

1174.93 

1225.05 

1243.08 

1243.12 

15 

1243.13 

1174.77 

1224.90 

| 

lb 

1242.86 

1174.60 

1224.73 

17 

1242.57 

1174.42 

1224.56 

18 

1242.26 

1174.23 

1224.38 

19 

1241.93 

1174.03 

1224.  18 

20 

1241.59 

1173. 82 

1223.98 

aC.  F.  Shelton  and  F.  T.  Byrne,  Appl.  Phys.  Lett.  17,  439  (1970). 
hH.  Fast  and  H.  L.  Welsh,  J.  Mol.  Spectrosc.  41_,  203  (1972). 

CJ.  Pliva,  J.  Mol.  Spectrosc.  44,  145  (1972). 
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Table  3. 1-5.  Observed  vacuum  frequencies 
of  the  O^CS  laser 

Frequency 

(cm-1) 

1145.09 

1146.41 

1148.13 

1162.94 

1163.63 

1164.83 
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3.2  16  pm  C02  Laser 

Since  the  last  reporting  period,  we  have  obtained  16  um  laser  oscillation  in 
an  optically -pumped  mixture  of  HBr-C02.  Subsequent  to  this  result,  several  months 
were  spent  in  trying  to  determine  the  basic  physical  properties  of  the  laser.  Once 
these  were  known,  improvement  in  the  laser  could  then  proceed  In  a more  logical 
manner.  These  early  studies  are  described  in  detail  in  a preprint  of  a journal 
article  (Appendix  3. 2-A)which  is  included  at  the  end  of  this  section. 

We  may  summarize  the  major  result  of  this  study  as  follows: 

i)  A total  inversion  exists  for  the  16  pm  transition  and,  therefore,  P,  Q, 
and  R branch  operation  may  all  be  obtained  from  the  laser. 

li)  The  characteristic  rotational  relaxation  time  is  faster  thai  the  fastest 

vlhrational  relaxation  rate  (i.e. , V-V  transfer  to  the  other  Fermi  mixed  level). 

As  a result  the  laser  may  be  scaled  with  pressure,  as  long  as  the  rate  of  stimulated 
pumping  of  the  [10°0,  02°0]I1  level  is  also  scaled  correspondingly. 

iii)  It  is  not  necessary  to  cool  the  C02  gas  to  -80PC  to  achieve  gain  on  the 
16  um  transition.  This  result  was  anticipated  on  the  hasis  of  the  threshold 
criteria. 

iv)  By  judicious  choice  of  cavity  mirror  reflectivities  it  is  possible  to  operate 
the  laser  without  a 9.6  urn  stimulating  pulse.  Experimentally  this  was  demonstrated 
for  the  analogous  14  urn  CO  laser. 

With  these  results  known,  we  began  work  on  improving  the  laser  performance. 
In  order  to  scale  the  output  of  the  16  um  laser  to  a practical  level,  it  is  conve- 
nient to  raise  the  operating  pressure  over  the  2 to  3 Torr  value  discussed  in  the 
Appendix  3.2-A.  Result  "ii"  above  indicates  the  thief  limitation  on  pressure 
scaling  was  the  output  power  (not  necessarily  energy)  of  the  pulsed  C.02  laser. 

We,  therefore,  replaced  the  CO  helical  TEA  laser  with  a commercial  transverse 


discharge  laser.  Typically  this  laser  produces  a single  line  output  energy  of  200- 
300  mjoules  in  a 200  ns  pulse.  * 

Although  at  this  time  this  high  power  iaser  has  been  used  for  only  a limited 
number  of  experiments  we  have  been  able  to  make  significant  improvement  on 
the  16  urn  laser  performance.  For  example,  we  are  now  able  to  operate  the  iaser 
repeatably  at  100  Torr  pressure  (5  Torr  HBr-CC>2  mixture,  95  Torr  Argon  buffer). 
The  optimum  CC>2-HBr  total  pressure  is  now  4 to  5 Torr,  as  opposed  to  2 Torr 
previously.  This  pressure  is  stili  somewhat  lower  than  the  value  one  would  need 
for  total  absorbtion  of  the  laser  radiation  by  the  gas.  Further,  improvement  in 
pressure  scaling  can  be  expected  after  changes  in  cavity  geometry,  pulse  delay, 

etc.  are  instituted.  Finally,  using  the  iew  C02  iaser  we  have  been  able  to  realize 
room  temperature  operation  of  the  16  gm  laser.  This  improvement  is  not  unexpected 
since  OPC  operation  was  attained  with  the  lower  energy  laser. 

In  addition  to  our  work  on  the  HBr-C02  optical  pumped  iaser,  we  have  experi- 
mentally evaluated  the  feasibility  of  other  optical  pumping  schemes  to  generate 
wavelengths  desirable  for  LASL  applications.  Our  first  area  of  interest  was  the 
use  of  other  hydrogen  halide  lasers  to  obtain  a 16  yjn  C02  laser  completely  analogous 
in  principle  to  that  used  on  the  HBr  laser,  in  particular,  optical  pumping  with  HF 
seems  a singularly  desirable  approach,  t This  point  may  be  argued  on  the  basis  of 
the  high  energy  output  available  from  the  HF  laser  as  well  as  the  more  developed 
chemical  reactant  technology  for  IR  lasers  (in  comparison  to  HBr  lasers),  in  order  to 

demonstrate  the  general  applicability  of  thia  approach,  we  converted  the  HBr  pin  laser 
to  HF  and  used  it  to  pump  a low  pressure  sample  of  CG2  and  HF.  The  resulting 
optically  pumped  laser  oscillated  strongly  at  9.6  von.  Sixteen  micrometer  output 
was  not  seen  because  the  BaF2  windows  on  the  sample  cell,  which  were  resistart 

•Compare  this  to  the  values  of  80  m joules  in  a 2-3  us  pulse  in  the  helical  TEA 
laser  used  in  the  initial  research. 

t Excitation  of  a DF-CO2  mixture  with  a DF  chemical  laser  seems  kinetically  more 
favorahle. 
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to  HF,  were  opaque  at  16  pjm.  Furtner  experiments  with  DF  laser  pumping  of  a 
DF-C02  mixture  to  obtain  a 16  um  laser  are  anticipated. 

We  have  also  used  the  HBr  laser  to  pump  a OCS  transfer  laser.  The  kinetics 
are  analogous  to  that  in  the  CO-OCS  system  described  by  Kildal  and  Deutsch:  and 
thus  the  operating  parameters  --  pressure,  wavelength  are  also  similar.  The 
chief  results  of  the  experiment  was  to  demonstrate  further  the  utility  of  hydrogen 
halide  opt 'cal  pumping  systems  as  a technique  for  generating  wavelengths  of  interest 
to  the  LASL  isotope  separation  effort. 

Finally,  we  have  examined  the  existing  experimental  and  theoretical  data  on 
the  spectroscopy  and  band  strengths  of  the  ”16"  pm  band  in  other  C02  isotopes. 

These  data  indicate  that  other  isotopes  will  be  suitable  for  obtaining  additional 
laser  wavelengths  in  the  16  urn  region. 


R.  M.  Osgood,  Jr. 
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Appendix  3.  2 -A 


OPTICALLY  PUMPED  16  pm  C02  LASER* 

R.  M.  Osgood,  Jr. 

Lincoln  Laboratory,  Massachusetts  Institute  ot  Technology 
Lexington,  Massachusetts  02173 

Abstract 

A potentially  useful  16  gm  CO^  laser,  oscillating  on  the  [10°0,  02°0]jj  to 
01*0  transition,^  described.  The  v = 1 -*  v = 0 lines  from  an  HBr  chemical  laser 
were  used  to  pump  a low  pressure  mixture  of  HBr  and  C02  gases.  Vibrational 
energy  transfer  from  HBr  followed  by  a 9.6  pm  stimulating  pulse  populated  the  C02 
[10°0,  02°0]I1  level. 


*This  work  was  sponsored  by  the  U.  S.  Energy  Research  and  Development  Administration 
under  a subcontract  from  the  Los  Alamos  Scientific  Laboratory. 
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Given  the  limited  number  of  strong  infrared  laser  sources,  a convenient  way 
of  generating  secondary  sources  of  reasonable  efficiency  and  power,  is  by  the  opti- 
cal pumping  of  molecular  gases.  This  may  be  done  either  by  direct  optical  excita- 
tion of  the  laser  gas,  * or  by  optical  p.imping  of  a resonant  absorber  followed  by 
collisional  vibrational  to  vibrational  (V-V)  energy  transfer  to  the  laser  gas.  The 
second  technique  is  particularly  useful  for  optical  pumping  schemes  utilizing  a 
hydrogen  halide  chemical  laser  as  the  optical  pump.  These  lasers  are  known  to  be 
both  strong  and  relatively  efficient  sources  in  the  2. 5 jj.m  to  6 wavelength  region. 
In  addition,  a sizable  fraction  of  the  output  energy  from  these  lasers  is  in  lines 
within  the  v = 1 - v = 0 vibrational  rotational  band  of  the  molecule.  Thus,  the  same 
hydrogen  halide  gas  may  be  included  in  the  gas  mixture  to  act  as  the  resonant  ab- 
sorber for  most  of  the  pumping  wavelengths.  The  collision  cross  sections  for  reso- 
nant V-V  exchange  between  the  first  vibrational  level  in  hydrogen  halides  and  high 
lying  vibrational  modes  in  polyatomic  molecules  are  known  to  be  large.  In  essence, 
optical  pumping  with  a hydrogen  halide  chemical  laser  and  the  same  hydre^cn  halide 
as  a self  absorber  is  a particularly  clean  technique  for  channeling  the  chemical 
energy  of  the  hydrogen  and  halogen  reactions  into  a specific  vibrational  mode. 

Many  of  the  undesirable  aspects  of  in  situ  chemical  reactions  and  energy  transfer 

3 

processes,  such  ?s  eas  heatirie  and  relaxation  bv  atomic  snecies  or  reacrants.  a m 

• V ' 

not  present  in  the  optical  pumping  approach. 

In  this  letter,  we  report  using  such  an  optical  pumping  scheme  involving 
hydrogen  halides  to  develop  a laser  at  16  and  14  u.m.  The  former  wavelength 
region  is  of  immediate  practical  interest  because  of  its  potential  application  to 
laser  separation  of  uranium  isotopes.^ 

The  essential  physics  of  the  laser  inversion  process  are  depicted  in  Fig.  1. 
The  v = 1 -*  v = 0 transitions  generated  in  an  HBr  chemical  laser  are  used  to  excite 
the  v = 1 level  of  HBr.  Vibrational  energy  transfer  from  t'r*>  HBr  populates 


the  fundamental  of  the  asymmetric  stretch  mode  (00°1)  in  C02>  A strong  stimu- 
lating field  at  9.6  (or  10.6  p.m)  then  acts  to  drive  the  molecule  into  the  Fenni 
mixed  [10°0,  02°0]^  (or  [10°0,  02°0]j)  level.  If  9.6  gm  saturation  occurs  promptly 
with  respect  to  the  rapid  collisional  deactivation  of  this  level,  5 a population  inver- 
sion will  be  formed  between  the  mixed  level  and  the  first  excited  bending  mode 
(01^0).  Since  the  01^0  state  is  only  600  cm  ^ above  the  ground  vibrational  state, 
it  is  useful  to  reduce  its  thermal  population  hy  cooling,  thereby  minimizing  the 
threshold  population  requirements  of  the  mixed  level. 

A schematic  of  the  apparatus  is  shown  in  Fig.  2.  The  IPir  laser  used  dis- 
charge production  of  the  reactants,  H + Br^,  and  is  similar  in  design  to  that 
described  in  Ref.  6.  It  iiad  an  output  power  of  100  mjoules  in  a 200  nsec  pulse, 
with  approximately  2/3  to  1/2  of  the  total  laser  power  in  the  desired  v = 1 - v = 0 
transitions.  A C02  pin  laser  with  conventional  helical  discharge  geometry  was  used 
to  generate  the  9.6  saturating  pulse.  The  laser  had  an  intra -cavity  grating  to 
force  oscillation  on  a selected  vibrational -rotational  line  in  the  9.6  ^m  P-branch. 

Its  output  consisted  of  a,typically,3  ^sec  pulse  (see  Fig.  3a)  containing  80  milli- 
joules  of  energy.  Spectral  measurements  of  all  laser  lines  were  done  with  a !/2 
meter  Bausch  & Lomb  monochromator.  The  Cu:Ge  detector  and  its  amplifier  had 
a 1 MHz  bandwidth. 

The  optically -pumped  laser  cavity  (for  details  see  inset  Fig.  2)  was  formed 
hy  two  dichroic  mirrors,  both  with  a 10  m radius  of  curvature.  Mirror  one  (Ml) 
was  99%  reflective  at  16  uni,  9."%  reflective  at  14  urn,  and  80%  transmissive  at 
4.  3 urn.  Mirror  two  (M2)  was  98%  reflective  at  16  and  50%  transmissive  at 
9.6  um.  The  stainless  steel  sample  cell  within  the  optical  cavity  could  lie  cooled 
to  -80°C  by  means  of  a closed  cycle  cooler.  The  cell  required  a vacuum  box  to 
protect  its  KBr  windov's  from  atmospheric  water  vapor  condensation  when  the  cell 
was  cooled.  The  4.  1 um  pump  radiation  was  directed  into  the  cavity  through  Ml. 
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and  focused  to  a 4 mm  beam  diameter  at  the  center  of  the  cell.  Because  of  the 
complete  saturation  of  the  gas  medium  by  the  9. 6 pm  pulse,  focusing  was  not 
necessary  for  the  beam  coming  from  the  C02  laser  through  M2. 

The  pressure  range  oftheHBr-C02  mixture  for  which  16  pm  stimulated  emis- 
sion was  observed  was  from  0.5  to  7 Torr.  Typically  a 50-50  mixture  of  HBr  and 
CG2  was  optimal.  Up  to  12  Torr  of  argon  could  be  added  to  a 1.5  Torr  COj-HBr 
mixture  before  quenching  of  the  16  pm  emission  occurred.  As  argon  was  added,  the 
various  spectral  lines  would  quench:  first  R,  then  P,and  finally  Q.  This  order  of 
quenching  is  consistent  with  the  ordering  of  gain  among  the  three  rotational- 
vibrational  branches  if  a total  inversion  exists  (see  below).  To  simplify  the  discus- 
sion which  follows, we  will  now  confine  our  attention  to  only  those  pressure  effects  ob- 
tained by  adding  argon  to  relatively  low  partial  pressures  (a  tew  Torr  oi  a 50%- 

g 

mixture  of  HBr  and  C02). 

Figure  3 shows  a typical  9.6  pm  pulse  (Fig.  3a),  and  the  16  pm  pulse,  at  two 
different  va'ues  of  argon  partial  pressure  (Fig.  3b  and  3c)  in  the  sample  cell.  At 
low  cell  pressures  3(b), the  16  pm  pulse  had  a duration  of  a few  microseconds.  With 
increasing  argon  partial  pressure,  the  pulse  duration  shortened  but  its  peak  amplitude 
increased.  At  highest  pressures,  the  measured  pulse  width  was  200  nsec,  although 
this  measurement  may  be  limited  by  the  frequency  response  of  the  detection  system. 
The  delay  time  between  the  9.6  pm  and  4. 1 pm  pulses  w?s  varied  to  ascertain  its 
effect  on  the  16  pm  laser  output  energy.  It  was  found  that  this  energy’  varied  with 
the  delay  in  a manner  consistent  with  the  known  collisional  dynamics  of  the  CO200°l 

g 

level  in  a vibrationally  excited  HBr-C02  mixture;  i.e.,  the  16  pm  energy  increased 
with  delav  until  V-V  transfer  was  complete  and  then  fell  off  at  a rate  equal  to  the 
V-T  rate  of  the  vibrationally  couplex  mixture.  Finally,  the  onset  of  the  In  pm  pulse 

followed  the  9.6  pm  stimulating  pulse  by  100-200  nsec,  a delay  consistent  with 
buildup  time  in  gas  lasers  of  intermediate  gain. 
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Analysis  of  the  spectral  output  indicated  that  at  optimum  pressures  the  optical - 
pumped  laser  would  oscillate  simultaneously  on  the  P,  R,  andQ  branch  lines  of  the 
[10°Q,  02°0]jj  to  01^0  band.  The  relative  strengths  of  these  three  branches  gener- 
ally depended  on  the  degree  to  which  the  laser  gain  exceeded  threshold,  and  the  in- 
stantaneous length  of  the  cavity.  The  fact  that  both  R and  Q branches  were  seen  in- 
dicates the  population  inversion  is  indeed  total.  Also  at  low  and  intermediate  pres- 
sures (see  below  for  pressure  range),it  was  found  that  the  particular  P and  R rota- 
tional transition  which  oscillated  was  the  one  whose  upper  rotational  level  corre- 
sponded to  the  lower  rotational  level  of  the  9.6  ^rn  transition.  At  higher  pressures, 
transitions  appeared  which  were  unconnected  to  the  lower  level  of  the  9.6  pm  tran- 
sition but  which  fell  closer  to  the  peak  of  the  thermalized  rotational  distribution. 

The  results  presented  above  can  be  satisfactorily  explained  by  considering 
the  interplay  between  the  rates  of  stimulated  emission  on  the  9.6  urn  band,  rotational 
relaxation,  and  the  fastest  vibrational  relaxation  - i.e.,  the  decay  of  the 
[10°0,  02°0}jj  level  to  the  two  other  near  resonant  vibrational  levels.  Although  a 
detailed  quantitative  model  of  these  collisional  processes  can  not  be  presented 

9 

here,  its  qualitative  features  are  as  follows.  For  the  low  range  of  the  pressures 
used  here,  rhe  rate  of  stimulated  emission  greatly  exceeds  the  rotational  and  vibra- 
tional relaxation  rates.  Further,  the  9.6  pm  laser  pulse  width  is  of  the  same  dura- 
tion as  the  time  for  complete  rotational  relaxation  of  the  rotational  manifold.  ^ 

Under  these  conditions.and  if  the  J of  the  9.6  nm  stimulated  transition  is  not  far 
from  the  peak  of  the  thermalized  rotational  distribution,  the  line  of  highest  gain  in 
the  P,  Q,  and  R branch  throughout  die  duration  of  the  pump  pulse  will  remain  that  line 
with  the  upper  rotational  level  identical  to  the  terminal  level  of  the  9.6  pm  transi- 
tion. Also  for  low  pressures,  the  16  pm  pulse  length  will  be  comparable  to  the 
CO,,  pulse  length  ~ several  microseconds.  This  behavior  results  from  the  fact 
that  as  long  as  rotational  thermalization  of  the  entire  rotational  manifold  is 


incomplete,  the  rotational  levels  not  experiencing  stimulated  pumping  act  as  a res- 
ervoir and  a sink  for  the  upper  and  lower  laser  levels,  respectively;  thus,  a 16  pm 
inversion  will  persist  as  long  as  9. 6 ^n  pump  field  is  on.  At  higher  pressures,  the 
rotational  thermalization  occurs  on  s much  shorter  time  scale  than  the  stimulating 
pulse.  As  a result,  the  16  pm  pulse  is  much  shorter  than  the  9.6  pm  pump  pulse, 
but  the  total  energy  of  the  pulse  is  the  same.  This  is  in  accord  with  Figs.  3b  and  c. 
Further,  it  can  also  be  shown  that  under  these  conditions,  the  rotational  level  of 
highest  gain  does  not  remain  the  pumped  level  throughout  the  9. 6 pm  pulse,  but  will 
in  fact  switch  to  a level  near  the  maximum  of  the  Boltzmann  distribution.  This  re- 
sult is  also  in  accord  with  spectral  observations.  Finally,  at  the  highest  pressures 
the  relaxation  rate  to  the  other  near  resonant  vibrational  levels  becomes  fast  com- 
pared to  16  pm  pulse  buildup  time,  and  this  effect  reduces  the  total  time  averaged 
gain  to  below  threshold. 

Experiments  with  the  14  pm  laser  were  limited  to  confirming  that  laser  oscil- 
lation could  be  obtained  without  the  use  of  an  externally  applied  stimulating  pulse. 
Instead,  the  10.  6 pm  pulse  was  generated  internally  within  the  same  cavity  as  the 
14  pm  emission.  This  was  accomplished  by  using  the  sam  techniques;  cooling, 
gas  mixtures,  etc, , as  in  the  16  pm  laser,  except  that  now  mirror  M2  was  replaced 
by  a gold  50  cm  radius  of  curvature  mirror.  With  this  relatively  lossy  cavity  at 

10.6  pm  (Ml  was  40-50%  reflective  at  10.6  pm), the  pulse  formation  time  at  10.6  pm 
was  delayed  until  a large  population  was  transferred  into  the  00°1  level.  Under  these 
conditions,  the  10.6  pm  induced  population  of  the  (10°0,  02°0)j  was  sufficiently  abrupt 
compared  to  the  vihrational  relaxation  that  the  transient  gain  on  the  14  pm  level  ex- 
ceeded threshold.  If,  on  the  other  hand.  Ml  was  replaced  by  a 99%  reflector  at 
10.6  pm,  virtually  no  hold-off  of  the  formation  of  the  10.6  pin  pulse  occurred.  Thus 
a large  transient  population  was  never  formed  and  the  14  pm  gain  never  exceeded 
threshold. 

In  summary,  we  have  demonstrated  the  usefulness  of  optical  pumping  with  a 
hydrogen  halide  laser  to  achieve  laser  action  in  a wavelength  region  of  practical 
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[ interest.  Improvement  in  lasei  performance  may  be  anticipated  through  the  use 

h 

11 

of  other  hydrogen  halide  systems  (HC1  and  DF,  for  example);  and  by  straight- 
forward optimization  of  the  cell  length,  laser  optics,  and  CC^  laser  pump  pulse 
length.  Experiments  to  effect  such  an  optimization  and  to  measure  the  laser  output 
energy  and  efficiency  are  now  being  undertaken. 

, Finally,  I would  like  to  thank  the  members  of  the  Quantum  Electronics  Group 

at  Lincoln  Laboratory  for  their  useful  comments  and  discussions  and  to  thank 
A.  Szoke,  H.  Schlossberg,  S.  Marcus,  and  B.  Feldman  for  much  enlightenment. 
Also  special  appreciation  is  extended  to  D.  Sullivan  for  his  dedicated  technical  help. 
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FIGURE  CAPTIONS 

Fig.  1.  Simplified  vibrational  energy  level  diagram  of  CO^  and  HBr  which  summa- 
rizes physical  processes  involved  in  16  ^m  and  14  p-m  CO^  laser. 

Fig.  2.  Schematic  of  apparatus  used  to  optically -pump  HBr-C02  gas  mixture. 

Fig.  3.  A typical  9.6  laser  pulse  (a)  2 psec /large  division);  and  the  16  ^m 

laser  pulse  at  two  different  values  of  argon  pressure  (b  and  c,  500  ns/ 
large  division).  The  argon  partial  pressures  for  b and  c are  0 and  3 
Torr  respectively;  the  HBr-C02  partial  pressure  was  1.  5 Torr  for 
both  b and  c.  The  vertical  sensitivity  is  the  same  in  b and  c. 
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4.  C02  LASER  DEVELOPMENT  AND  EVALUATION 

4.1.  12.2  yin  Wavelength  Calibration 

14  IS 

Using  a tunable  diode  laser  we  have  observed  a number  of  NH^  and  NH^ 

absorption  lines  usable  for  12.2  tm  wavelength  calibration.  Some  of  these  lines 

are  also  observed  on  the  spectral  scan  data  recently  obtained  from  LASL.  In 

addition,  we  have  precisely  measured  the  frequency  difference  between  the 

00°1  - [10°0,  02°0]j  band  Pf48)  transition  of  a laser  and  the  nearest 

14 

strong  NH^  absorption  line  by  using  direct  heterodyne  techniques. 

Figure  4.1-1  illustrates  the  experimental  arrangement  used  in  our  measure- 
ments. The  outputs  of  a tunable  diode  laser  and  a ^C1^,  laser  were  combined 
by  a beam  splitter.  One  hal " of  the  combined  radiation  was  heterodyned  on  a fart 
HgCdTe  varactor  photodiode/'1  1 and  the  beatnote  displayed  and  measured  by  a 
microwave  spectrum  analyzer.  The  other  half  of  the  combined  laser  radiation 
was  used  to  probe  either  of  two  1 meter  long,  2 cm  diameter  ammonia  cells  and 

the  wavelengths  of  the  absorption  lines  were  determined  by  a 1 meter  Spex  grating 

15  14 

monochromator.  Pressures  of  2 and  5 Torr  were  used  to  fill  the  Ml,  and  NIL 
absorption  cells. 

The  unpublished  aimonia  data  sent  to  us  hy  Professor  K.  N.  Rao  of  Ohio 
.State  University  proved  to  he  of  great  help  in  carrying  out  our  experiments. 

In  Figures  4.1-2  and  4. 1-1!  reproduce  those  portions  of  Rao’s  ammonia  absorp- 
tion data  which  we  carefully  explored  for  calibrating  the  12.2  ym  wavelength 
region.  Determination  of  the  calibration  lines  on  the  LASL  spectral  data  have 
been  reported  separately  to  LASL. 

Careful  analysis  of  either  the  high  resolution  IASI,  measurements  (with 
etalon- related  frequency  calibration)  or  our  tunahle  diode  laser  spectroscopy 
indicates  that  some  of  the  absorption  features  on  the  Rao  data  may  not  be 
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adequately  resolved.  For  instance,  on  the  LASL  spectral  scan  for  the 

etalon  shows  a 0.05  cm  * spacing  for  lines  #40  and  #41,  while  Fig.  4.1-2 

-1  14 

indicates  a separation  of  0.114  cm  . In  the  NH^  data  of  Fig.  4.1-3,  line 

#383  1/2  indicates  a feature  clearly  resolved  by  tunable  laser  spectroscopy, 

but  not  shown  in  Rao's  tables.  Figure  4.1-4  shows  a heterodyne  beat  note  of 

7,775  + 50  Mz  between  the  14C1602  laser  00°1  - [10°0,  02°0]j  band  P(48) 

14  -1 

transition  and  the  diode  laser  tuned  to  the  NH^  amnonia  823.9425  cm  ab- 
sorption line  {HP  line  #385  in  the  data  provided  by  Dr.  K.  N.  Rao)  shown  in 
Fig.  4.1-3.  Application  of  the  823.9425  cm  1 amnonia  line  as  a reference 
will  place  the  ^C^CL,  laser  00°1  - (10°0,  02°0]j  band  P(48)  emission  to 

824.1683  cm  \ i.e.f  0.11  cm  * higher  frequency  than  previously  indicated  by 

1 ? 1ft 

our  spectrometer  aata  based  on  C °02  calibration. 

C.  Freed 
K.  Nil 1* 
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Fig.  4.1 
Fig.  4.1 

Fig.  4.1 

Fig.  4.1 


FIGURE  CAPTIONS 

-1  Experimental  set-up  for  12  pm  wavelength  calibration. 

2 Observed  wavenumbers  and  identified  transitions  of  the 

v,  band  of  (from  K.  N.  Kao  of  Ohio  State  University). 

-3  Observed  wavenumbers  and  identified  transitions  of  the 

v,  band  of  (from  K.  N.  Rao  of  Ohio  State  University). 

-4  7,775  + 50  NUz  beat  note  of  a 14C160-.  laser  00°1  - [10°0,02°0] 

~ ^ 14  I 

band  P(48)  transition  and  a diode  laser  tuned  to  the  NH- 

“1  ^ 
amnonia  823.9425  cm  absorption  line  (li.P.  line  #385  in  the 

data  provided  hv  Dr.  K.  N.  Rao.)  Vertical  scale:  linear. 

Horizontal  scale:  10  Mlz/cm. 
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4.2  High  Repetition  Rate  Q-Switched  (X^  Lasers 

The  passively  Q-switched  laser,  shown  in  Fig.  4.2-1  is  a modification  of 
the  stable,  sealed-off  cw  lasers  previously  reported.  Laser  line  selection  is 
accomplished  by  means  of  a diffraction  grating  as  one  of  the  cavity  end  re- 
flectors. In  addition,  the  Q-switching  version  incorporates  an  intra-cavity 
stainless  steel  cell  which  contains  a saturable  absorbing  gas.  The  saturable 
absorber  which  we  have  used  to  the  present  time  is  sulfur  hexafluoride  (SF^j 

diluted  with  helium.  This  mixture  has  been  demonstrated  to  be  an  efficient 

4 2-1 

Q- switcher  of  the  high-gain  lines  in  the  P-branch  of  the  10.6  wm  band.  The 
purpose  of  th'  helium  diluent  is  to  regulate  the  recovery  time  of  the  SFfe  ab- 
sorber and  consequently  the  PRF  of  the  laser.  Typical  partial  pressures  are 

0.01  Torr  SF,  and  5 Torr  he!  um. 

6 

Figure  4.2-2  shows  a passively  Q-switched  pulse  train  with  a PRF  of 
slightly  greater  than  100  kHz  as  well  as  an  individual  pulse.  For  this  mode 
of  operation  the  average  power  output  was  5.5  watts. 

By  adjusting  the  heliun  pressure,  the  PRF  could  be  varied  over  a con- 
siderable range,  with  frequencies  in  excess  of  150  kHz  observed.  This  PRF  is 
to  our  knowledge  the  highest  reported  for  a passively  Q-switched  CO,  laser.  A- 
shown  in  Fig.  4.2-3,  however,  operating  at  very  high  PRF’s  results  in  a sub- 
stantial increase  in  pulse  width.  This  is  due  to  the  fact  that  the  laser  gain 
does  not  recover  completely  between  pulses  and  therefore  requires  a longer 
time  to  saturate  the  SF^,  thus  broadening  the  pulse. 
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At  lower  repetition  rates,  higher  peak  powers  and  shorter  pulse  durations 
were  obtained,  as  exemplified  by  the  500  nanosec  pulse  at  12  kHz  PRF  in  Fig.  4.2-3 
As  yet,  only  P(20)  of  the  10.6  um  band  has  been  studied.  Many  other 
lines  of  both  normal  and  isotopic  007  may  be  Q- switched  using  SF^,  as  well 
as  other  absorbing  gases. 

C.  Freed 
S.  Marcus* 
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FIGURE  CAlTriONS 

Fig.  4.2-1  Passively  Q- switched  stable  CO,  laser. 

l iv*.  4.2  2 Passively  Q-switched  CO,  laser  pulse  train  with  100  kHz 
repetition  rate. 

Fig.  4.2-3  Passively  O-switchcd  GO,  laser  pulse  shapes  at  12  kHz,  40  kll 
and  140  kHz  repetition  rates. 
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OBSERVED  WAVENUMDERS  AND  IDENTIFIED  TRANSITIONS  OF  THE  v7  BAND  OF  NFL  (K.  N.  Rao) 


Vertical  scale:  linear 

Horizontal  scale:  10  MHz/cm 


— *j  |<—  0.5  Msec 


— ► — lOpsec 


PASSIVELY  Q-SWITCHED  LASER  PULSES 
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